Most patients with tuberous sclerosis complex (TSC) develop cortical tubers that cause severe neurological disabilities. It has been suggested that defects in neuronal differentiation and/or migration underlie the appearance of tubers. However, the precise molecular alterations remain largely unknown. Here, by combining cytological and immunohistochemical analyses of tubers from nine TSC patients (four of them diagnosed with TSC2 germline mutations), we show that alteration of microtubule biology through ROCK2 signalling contributes to TSC neuropathology. All tubers showed a larger number of binucleated neurons than expected relative to control cortex. An excess of normal and altered cytokinetic figures was also commonly observed. Analysis of centrosomal markers suggested increased microtubule nucleation capacity, which was supported by the analysis of an expression dataset from cortical tubers and control cortex, and subsequently linked to under-expression of Rho-associated coiled-coil containing kinase 2 (ROCK2). Thus, augmented microtubule nucleation capacity was observed in mouse embryonic fibroblasts and human fibroblasts deficient in the Tsc2/TSC2 gene product, tuberin. Consistent with ROCK2 under-expression, microtubule acetylation was found to be increased with tuberin deficiency; this alteration was abrogated by rapamycin treatment and mimicked by HDAC6 inhibition. Together, the results of this study support the hypothesis that loss of TSC2 expression can alter microtubule organization and dynamics, which, in turn, deregulate cell division and potentially impair neuronal differentiation.
Introduction
Heterozygous loss-of-function mutations in the tumour suppressor genes TSC1 and TSC2 cause the autosomal dominant disorder tuberous sclerosis (TSC) [1] . TSC patients present multi-system pathology characterized by abnormal cell growth and proliferation. Cortical tubers are present in > 80% of patients and are manifested by the presence of dysplastic neurons, glial cells and glioneuronal giant cells, which together disrupt
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Hamartin and tuberin, the respective products of the TSC1 and TSC2 genes, form a heterodimer that inhibits the mechanistic target of rapamycin (mTOR) complex 1 (mTORC1) [4] . Mutations in TSC1 or TSC2 lead to an increase in the activity of the RAS homologue enriched in brain (RHEB), which, in turn, activates mTORC1 [4] . Downstream targets of mTORC1 include the ribosomal protein S6 kinase and the eukaryotic translation initiation factor 4E binding protein 1 [4] . The hamartin-tuberin heterodimer also activates mTOR complex 2 (mTORC2), which positively regulates the actin cytoskeleton [4] .
It has been proposed that the neurological alterations of TSC are caused by defects in neuronal differentiation and/or migration [5, 6] . Depletion of hamartin or tuberin in mice was shown to induce ectopic axons and promote axon growth, leading to perturbed neuronal polarity [7] . More recent studies that examined the phenotypic consequences of hamartin or tuberin depletion in neuronal cell types, including neuronal stem cells, have further suggested defects in polarity, differentiation and/or migration [8] [9] [10] [11] . In addition, studies of different cell types have linked loss of function of hamartin or tuberin to defects in primary cilium formation, cell polarity and division [12] [13] [14] [15] [16] . This array of cellular defects may indicate a deregulation of the microtubule cytoskeleton and/or its organization and assembly at the centrosome, the major microtubule-organizing centre in dividing animal cells. Moreover, hamartin was previously shown to physically interact with polo-like kinase 1 (PLK1) [13] , a key kinase regulator in microtubule assembly, while tuberin functionally associates with the microtubule-associated protein TACC3 in maintaining the integrity of the mitotic spindle and nuclear envelope [12] . To date, however, detailed examination of microtubule-centred cellular and molecular alterations is lacking in TSC.
Materials and methods

Tissue and genetic analyses
Brain tissues from three unrelated controls and nine TSC patients were obtained at the Institute of Neuropathology (University Hospital Bellvitge, IDI-BELL, L'Hospitalet del Llobregat, Barcelona) and at the Epilepsy Unit of the Teknon Medical Centre (Barcelona). Participants provided written informed consent and the study was approved by the IDIBELL's ethics committee. All clinical investigation was conducted according to the principles expressed in the Declaration of Helsinki. Tissues were obtained at surgery, fixed in 10% buffered formalin and processed for paraffin sections. Sections were stained with haematoxylin and eosin (H&E), following a standard protocol, and histopathologically diagnosed at the Institute of Neuropathology. Genetic analyses were performed at the Centre for Molecular Diagnostics of Neurological Diseases of the Universidad Complutense (Madrid) and at the Department of Clinical Genetics of the Erasmus Medical Centre (Rotterdam).
Antibodies, small molecules and immunohistochemistry
The antibodies used in this study were: anti-centriolar coiled-coil protein, 110 kDa (CP110) [17] ; anti-nucleoporin, 62 kDa (NUP62; clone 53, BD Transduction Laboratories); anti-PLK1 (clone 208G4, Cell Signaling Technology); anti-phospho-Ser235-236 S6 ribosomal protein (pS6; clone 91B2, Cell Signaling Technology); anti-ROCK2 (clone 21, BD Transduction Laboratories); anti-TACC3 (H-300, Santa Cruz Biotechnology); anti-α-tubulin (TUBA; ab44928, Abcam); anti-acetylated tubulin (acTUB; clone 6-11B-1, Sigma Aldrich); and anti-γ-tubulin (TUBG1; clone GTU-88, Sigma-Aldrich). Rapamycin (allosteric mTOR inhibitor, purchased from Sigma-Aldrich) and CAY10603 (HDAC6-specific inhibitor, purchased from Santa Cruz Biotechnology) were added to cell cultures at 44 and 2 nM, respectively, for 16 h prior to analysis of microtubule acetylation levels. Immunohistochemical analyses were performed on serial paraffin sections, 4 μm thick, using the Envision method (Dako). The antibody dilutions and antigen retrieval-based solutions (dilution/solution) were: 1:1000/EDTA, 1:300/EDTA, 1:100/sodium citrate, 1:500/sodium citrate, 1:300/EDTA, 1:300/sodium citrate and 1:1000/EDTA for anti-CP110, anti-NUP62, anti-PLK1, anti-pS6, anti-ROCK2, anti-TACC3 and anti-TUBG1, respectively. Endogenous peroxidase was blocked by pre-incubation in a solution of 3% H 2 O 2 , and blocking was performed in 1× phosphate-buffered saline (PBS) with 5% goat serum or 1% bovine serum albumin (BSA) and 0.1% Tween 20 (Sigma-Aldrich). The sections were lightly counterstained with haematoxylin (except for anti-NUP62, to allow nuclei assessment), and examined with an Olympus BX51 microscope. Detection of ROCK2 was carried out using the DAB-nickel method. The specificity of the anti-TUBG1 antibody in paraffin sections was assessed previously [18] . The expected immunostaining pattern of this centrosomal marker in normal cells is one or two foci proximal to the nucleus; nonetheless, its expression in differentiated cells can be low and, thus, hamper the identification of centrosomes. Each tissue sample and marker was evaluated in at least two independent assays and no substantial intratissue difference was observed. For seven TSC tissue samples, equivalent sections were processed to include incubation with a non-immune murine immunoglobulin control, which did not reveal staining in any case. Two investigators carried out quantification of binucleated cells, and cytokinetic figures and abnormalities, independently. Statistical significance was assessed using quadruplicate measures and contingency tables with the Fisher's exact test.
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Silencing of endogenous TSC2 expression and rescue experiments
The short hairpin (sh) RNA against TSC2 expression (Sigma-Aldrich; for sequence, see supplementary material, Table S1 ), control non-hairpin pLKO.1 and lentivirus packaging plasmids (Addgene) were as previously described [12] . Transduced cells were selected with 0.5 μg/ml puromycin (GIBCO) and maintained with 0.3 μg/ml puromycin. The assays assessing the consequences of shRNA-mediated silencing of TSC2 expression in fibroblasts represented a pooled population of puromycin-resistant cells. The small interfering (si) RNAs against TSC2 expression (Dharmacon; for sequence, see supplementary material, Table S1 ) and control scrambled siRNA were transfected into cells as previously described [19] . For the reconstitution assays, cells were transiently transfected with GFP-TSC2, GFP-TSC2 and TSC1-His or GFP-alone expression constructs, using Lipofectamine. Cellular phenotypes were measured in GFP-positive cells.
Quantitative reverse transcriptase-polymerase chain reaction RNA extraction from human BJ fibroblasts and sub-lines, and quantitative reverse transcriptionpolymerase chain reactions (qRT-PCRs) were performed as described previously [19] . The primers used in these assays are detailed in Table S1 (see supplementary material).
Microtubule regrowth assay and acetylation analysis
The Tsc2 +/+ /Tp53 −/− and Tsc2 −/− /Tp53 −/− mouse embryonic fibroblasts (MEFs) and the human foreskin BJ fibroblasts (ATCC) and sub-lines were cultured following standard protocols. Cells growing on coverslips were treated with 1 μM nocodazole at 37 ∘ C for 16 h, followed by drug washout and incubation on ice (cold medium) for 1 h. Cells were then recovered in pre-warmed growth medium at 37 ∘ C to allow microtubule regrowth, and subsequently fixed (in cold methanol) at various time points for immunostaining of TUBA. Microtubule regrowth was analysed in mitotic cells, as indicated by DNA condensation. Microtubule asters were quantified using maximal projections derived from ImageJ (National Institutes of Health, Bethesda, MD, USA). For analysis of acetylated tubulin (acTUB), cells growing on coverslips were stained for acTUB and total tubulin (TUBA) and counterstained with DAPI. Confocal images were acquired and the levels of acTUB were normalized to the intensity of TUBA, using FV10-ASW software.
Gene set expression analysis
Preprocessed and normalized microarray data for control cortex and cortical tubers were obtained from the Gene Expression Omnibus reference GSE16969 [20] . This dataset included gene expression analysis for tissues from four normal cortex and four cortical tubers (two cases with a mutation in TSC1 and two cases with a mutation in TSC2) [20] . The distribution of Gene Ontology (GO) [21] gene sets in whole-genome ranked GSE16969 results was examined using the gene set expression analysis (GSEA) [22] tool, with default values for all parameters. This analysis assessed the bias in the distribution of each GO term (linked to genes) in the whole-genome ranking of average gene expression differences between the cortical tuber and normal cortex tissue.
Results
Binucleated neurons in tubers
Cortical tubers from nine TSC patients and cortex tissue from three unrelated healthy individuals were examined in this study. Patients were clinically diagnosed with TSC following consensus diagnostic criteria. As part of their clinical evaluation, four patients were identified as carrying heterozygous germline mutations in TSC2; the remaining three were not characterized at the genetic level (see supplementary material, Table S2 ). According to the diagnoses, all tubers showed the classic histopathological features of TSC, which include disorganization of the cortical layer, increased astrocytic gliosis and the presence of large binucleated cells ( Figure 1A ; see also supplementary material, Figure S1 ). Quantification of binucleated cells revealed a significantly higher percentage in all tubers relative to controls (Fisher's exact test p values < 0.01; Figure 1B ). This observation is consistent with previous neurohistological studies [2] and with cellular analyses of MEFs deficient in tuberin [12] . Hamartin deficiency was also previously linked to an increase in binucleated MEFs [12] . As expected, enhanced activation of mTORC1 signalling (revealed by pS6 staining) was detected in all tubers examined in this study and was particularly evident in giant cells ( Figure 1A ; see also supplementary material, Figure S1 ).
Cytokinesis alteration in tubers
Among the potential defects in cell division, failure of cytokinesis may be the cause of the binucleated cells [23] . Previously, deficiency of hamartin or tuberin in MEFs was also linked to a delay in completion of cytokinesis and, by extension, to aberrant abscissions [12] . Frequent cytokinesis failure was also observed in cell lines derived from skin angiofibromas of TSC patients [24] . Therefore, we subsequently examined H&E-stained cortical tuber sections for the proportion of cytokinetic figures and potential associated alterations. All tubers revealed a higher number of cytokinetic figures (most of them apparently aberrant) than expected, relative to control tissue (Figure 2A , 
Alteration of TUBG1 in tubers
Cytokinesis failure may be the consequence or cause of abnormal centrosome numbers, structure and/or position [25] . Hamartin or tuberin deficiency has been linked to alterations of the centrosome, such as amplification in hamartin-deficient cells [13] , and of centrosome-related organelles, such as disrupted primary cilia in hamartinor tuberin-deficient cells [14] [15] [16] . On the basis of these observations, the abundance of TUBG1 and the numbers of TUBG1-positive foci (ie potential centrosomes) were evaluated by immunohistochemistry in the tubers. While the majority of cells in control tissues contained one or two signals/cell, which would represent a normal complement of centrosomes, a variety of abnormalities were observed in the tubers, including potential centrosome amplification, fragmentation and hypertrophy, with TUBG1 over-expression revealed in all cases ( Figure 3A ; see also supplementary material, Figures  S3, S4 ). Quantification indicated a higher number of abnormalities in the tubers than in the controls: all tubers contained > 40% of cells with TUBG1-related abnormalities ( Figure 3B ).
We next examined whether the excess TUBG1 immunoreactivity was associated with numerical changes to centriole numbers, which might indicate dysfunction in the control of centrosome duplication [17] . Interestingly, the levels and localization of the centriolar marker CP110 were not substantially altered in any of the tubers relative to the controls ( Figure 3C shows representative images with defined centriolar signals). Taken together, cytological and immunohistochemical studies in tubers from nine TSC patients revealed frequent binucleated cells, cytokinetic abnormalities and augmented TUBG1 abundance without centriole duplication.
Deregulation of proteins involved in microtubule-based processes
To gain insight into a putative mechanism, whole-genome expression data from cortical tubers and normal cortex [20] were analysed. Consistent with our findings of an excess of binucleated cells (Figure 1 ) and cytokinetic figures (Figure 2) in tubers, the analysis of genes annotated with the GO term 'Cytokinesis' (genes, n = 47) showed a significant difference in absolute expression values (ie considering expression changes independently of their sign) between tubers and normal cortex (p = 0.038; Figure 4A ). The difference was not significant when real expression values (ie considering the direction of the expression difference, positive or negative) were examined, but an under-expression trend was observed in tubers for genes required for the completion of cytokinesis; the most under-expressed gene in this setting was ROCK2 ( Figure 4B) .
The under-expression of ROCK2 was of particular interest, given its depicted role in the regulation of [26, 27] as well as in the actomyosin ring contraction required for cleavage furrow ingression and cytokinesis [28, 29] . Next, immunohistochemical analyses of ROCK2 in our tissue set confirmed its under-expression and association with loss of laminar architecture in the tubers ( Figure 4C ; see also supplementary material, Figure S5 ). In addition, the ROCK2 substrate tubulin polymerization-promoting protein 1 (TPPP1) was also suggested to be under-expressed in the analysis of the gene expression dataset (two-tailed t-test, p = 0.04). The analysis of a gene set corresponding to curated centrosomal proteins [30] also suggested an association with the neuropathology: there was a trend for over-expression of centrosomal genes in tubers relative to normal cortex (real differences GSEA p = 0.022; and absolute differences GSEA p = 0.046). This association with over-expression of centrosomal gene products may be a consequence of increased cell proliferation, as observed for different malignant neoplasms [31] . Intriguingly, while PLK1 and TACC3 did not contribute to this bias (ie none of their microarray probes showed evidence of differential expression; this was confirmed by immunohistochemistry, not shown), the two probes corresponding to chTOG, which encodes for a key microtubule-binding and TACC-interacting protein [32] , indicated significant under-expression in the tubers (two-tailed t-test, p < 0.01). According to previous reports [32] , loss of chTOG expression may impair microtubule biology and alter cytokinesis. Together, 
Increased microtubule regrowth with deficiency of tuberin
To test our hypothesis that loss of TSC2 expression leads to increased microtubule regrowth capacity, we first examined a murine cell model of tuberin deficiency, within which we previously characterized abscission alterations and increased frequency of binucleated cells [12] . In synchronous G 2 /M populations of Tsc2 +/+ /Tp53 −/− and Tsc2 −/− /Tp53 −/− MEFs, quantitation of microtubule regrowth (ie the length of microtubules in asters) was found to be significantly greater in tuberin-deficient MEFs than in controls (t-test, p < 0.05; Figure 5A, B) .
Next, we established stable sub-lines of human BJ fibroblasts with lentivirus-mediated transduction of a shRNA targeting TSC2 expression or a non-hairpin-negative shRNA control. A significant reduction in the levels of TSC2 expression was achieved ( Figure 6A, B) , and this depletion was associated with augmented microtubule regrowth capacity in mitotic cells relative to the control, non-hairpin-treated and untreated control cells (Figure 6C, D) . Importantly, we did not observe alterations of the nuclear envelope (as previously reported in MEFs [12] ) or gross centrosome abnormalities in non-mitotic tuberin-depleted cells (see supplementary material, Figure S6 ). Next, we confirmed that augmented microtubule regrowth capacity was the result of the specific loss of TSC2 expression through two complementary approaches: using siRNAs that supported transient loss of TSC2 expression (see supplementary material, Figure S7A , B); and through reconstitution of tuberin expression using transient transfection of a GFP-TSC2 construct, alone or in combination with exogenous hamartin-His (see supplementary material, Figure S7C ), which was revealed to be sufficient to recover aster lengths to the levels observed in control shRNA-treated cells (see supplementary material, Figure S7D) . Thus, the loss of tuberin expression is sufficient to augment microtubule regrowth capacity, but the mechanism responsible for this effect is not yet clear.
Under-expression of ROCK2 and increased microtubule acetylation
In tubers relative to normal cortex, both ROCK2 and TPPP1 were predicted to be under-expressed (Figure 4 , confirmed for ROCK2 by immunohistochemistry; see also supplementary material, Figure S5) . At the molecular level, ROCK2 activity regulates microtubule polymerization through TPPP1 and acetylation through [26, 27] . Next, we investigated the expression of ROCK2 and found it significantly reduced in tuberin-depleted BJ fibroblasts, as measured by qRT-PCR ( Figure 7A ) and western blot analysis ( Figure 7B ). Subsequently, microtubule acetylation relative to the total intensity of microtubule immunofluorescence was examined for phenotypic evidence of deregulation of the corresponding signalling pathway. Thus, the levels of acTUB were found to be significantly elevated in tuberin-depleted BJ fibroblasts (Figure 7C , D; see also supplementary material, Figure S8A ) and rescue through expression of GFP-tuberin significantly reduced acTUB levels in these cells (see supplementary material, Figure S8B) .
Tuberin mutation or depletion leads to an increase in mTORC1 activity [4] , so levels of acTUB were subsequently assessed using the mTORC1 inhibitor rapamycin. Exposure to this compound was sufficient to normalize acTUB in tuberin-depleted BJ fibroblasts ( Figure 7E) . Conversely, the treatment of control cell cultures with a small-molecule-specific HDAC6 inhibitor (CAY10603) was sufficient to elevate acTUB, but the levels of acetylation were not further augmented in tuberin-depleted cells treated with this inhibitor ( Figure 7E ). Taken together, these data depict a model in which loss of TSC2 expression is sufficient to alter microtubule biology through attenuation of ROCK2 signalling, which culminates in the inhibition of HDAC6 and microtubule acetylation.
Discussion
In most current models of TSC pathology, loss of tuberin or hamartin results in defects in neuronal migration and differentiation [7] [8] [9] 12] , processes that are expected to be reliant on appropriate microtubule biology [33] . Here, examination of cortical tubers from nine TSC patients suggested that the neuropathology is linked to aberrant microtubule biology, as seen by the increased abundance of binucleated cells, cytokinetic figures and TUBG1 abundance by immunohistochemistry. Gene expression analyses in tubers, as well as in human tuberin-depleted fibroblasts, revealed decreased expression of key components of microtubule biology, particularly of ROCK2. Human tuberin-depleted fibroblasts displayed the expected outcome of diminished ROCK2 expression and increased microtubule acetylation. Thus, attenuated ROCK2 signalling might represent a targetable mechanism for the treatment of TSC tubers. However, given the relatively small sample size in our study, the depicted histopathological alterations may warrant confirmation in larger series of TSC patients. The Rho family of small GTPases is involved in several fundamental cellular processes, such as proliferation and motility [34] . ROCK2 is a serine/threonine kinase that is highly expressed in brain and regulates actin and microtubule dynamics [34] . Thus, ROCK2 plays a key role in cell migration, differentiation and mitotic phases such as cytokinesis [34, 35] . Consistent with these observations, decreased ROCK2 expression has been correlated with aberrant cytokinesis in previous studies [28] . While ROCK2 is usually found in the cytoplasm, it also co-localizes with PLK1 at the cleavage furrow during cytokinesis [28] . Indeed, in vitro studies have suggested that PLK1 phosphorylates and activates ROCK2 to regulate the actomyosin ring contraction that is required for cleavage furrow ingression during cytokinesis [28] . Thus, PLK1 and TACC3 may not have a direct role in the neuropathology of TSC, but their effectors and/or regulators (ROCK2, as shown in this study, and chTOG) are proposed to be altered in tuber development. Collectively, decreased expression of ROCK2 downstream of loss of tuberin has the potential to disrupt mitosis and induce binucleated cells. However, unlike the cases of tuberin-deficient MEFs [12] and human tubers (shown here), the stable silencing of TSC2 expression in human BJ fibroblasts was not sufficient to induce binucleated cells or disrupt nuclear envelope morphology. This contradiction may be due to incomplete depletion of tuberin in TSC2-silenced BJ fibroblasts (ie 60-70% depletion). In addition, it remains to be elucidated whether similar alterations are linked to hamartin deficiency. The previous identification of an excess of binucleated cells and cytokinetic abnormalities in hamartin-deficient cell cultures [12, 24] suggests convergence on the same mechanism. (D) Levels of acTUB and total tubulin were analysed by confocal microscopy in untreated (UT), control-treated and TSC2-silenced cells. The levels of acTUB were normalized to that of total tubulin, and a significant increase was observed in TSC2-silenced cells compared to control (p < 0.05; n = 3). (E) Untreated (UT, not shown), control non-hairpin-treated and TSC2-silenced cells were exposed to rapamycin, a specific HDAC6 inhibitor, or a vehicle (DMSO) control for 16 h and acTUB was quantified with confocal microscopy. Relative to vehicle treatments, rapamycin treatment significantly (p < 0.05) reduced the levels of acTUB in TSC2-silenced cells, but not in controls. Relative to vehicle treatments, treatment with the HDAC6 inhibitor significantly (p < 0.05) increased the levels of acTUB in controls, but not in TSC2-silenced cells (n = 3)
Other functions of ROCK2 include the regulation of microtubule stability through a downstream substrate, TPPP1. ROCK2 phosphorylates TPPP1, which prevents the interaction between TPPP1 and HDAC6, and in turn enables HDAC6 to deacetylate and destabilize microtubules [26] . Therefore, decreased expression or activity of ROCK2 should sequester HDAC6, and elevate microtubule acetylation in the cell. Our results in human fibroblasts are consistent with this mechanism of action, showing that loss of tuberin attenuated ROCK2 expression and augmented microtubule acetylation to a level that was obtained with HDAC6 inhibition in parental and control-treated cell lines. Interestingly, changes to the ROCK2-TPPP1-HDAC6 signal transduction pathway modulate cellular migration [26] , which could provide an explanation for the impairment of axon differentiation and cell migration in tuberin-deficient mouse and rat hippocampal neurons [8] . Together, our findings support the hypothesis that fundamental changes in microtubule biology underlie TSC neuropathology and highlight that these changes may arise through the specific disruption of ROCK2 signalling. 
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